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INTRODUCTION

This project consisted of two separate tasks.

Tagsk 1 involved the development of test plans for an experimental investiga-
tion to verify existing computer simulations of the M577 safe separation levice
{8SD) and the M739 safing and arming (S&A) mechanism,

Task 2 dealt with the formulation of the forward and 1inverse kinematic
models of the tyve of two-pass clock gear train used in artillery S&A mechanisms.

TEST PLANS

Test Pian 1--Experimental Investigation Pertaining to Influence of Varfation of
Escapement Center Distance on Number~of-Turns-to-Arm of the M577 SSD

This test plan coneists of the following main phases:

1. Measurements of certain crucial dimensions of M577 SSD housings and
mechanism train components associated with specific units, Each manufacturer
should supply, measure, and record a sufficient number of units,

2. Selective assembly of components by all manufacturers with the aim of
obtaining full S5SD assemblies which only vary with respect to the escapement
center distances (C.D.'s). (If needed, certain subgroups of SSD assemblies ave
to be formed within which only the escapement C.D.'s vary. This accounts for
rotor property variations.)

3. Conductance of spin tests of SSDs under the following conditions:
a. Spin axis coinciding with S$SD axis

b. Spin axis not coinciding with SSD axis (magnitude of eccentricity
and orientation of SSD to be recorded)

Regarding phase 1, the following actions should be taken:

1. The SSD spacer and plate assembly (dwg 9236552) and the top plate
(dwg 9236553) should be put together without rolling in the top plate. Pins of
the largest possible diameter should be inserted into the pallet and escape wheel
pivot holes and the overwire dimensions should be measured on both sidea. (Wire

size should be given.)

2. Diameters of both pivots should be measured on the escape wheel
assenmbly (d:% 9236537), The thickness and outside diameter of the escapement
gear (star eel) should be msasured and the entire assembly should be weighed.
Tne indicated dimension "d” should be checked st four places, 90 degrees apart,
to obtain the tooth angle (wire eize should be given).
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3. Diameters of both pivots of the lever assembliy (dwg 9236540) should
be measured. The thickness and outside diameter of the lever should be measured
and the entire assembly should be weighed. Dimensions marked as "A", "B", and
“C"” should be measured and lever pin diameters should be determined.

A B

lqc } Lever
Pin (2)

N -
. T _ \

i . Lever

| Shaft |

4. The complete rotor assembly (dwg 9236528) should be weighed. The
location of the center of mass (c.g.) with reference to the line connecting the
pivot centerline and the centerline of the detonator sleeve hole should be deter-
mined.

Test Plan 2--Experimental Investigation Pertaining to Influence of Variation of
Escapement Center Nistance on Number-of-Turns-to-Arm of the M739 S&A

This test plan consists of the following main phases:

1. Measurements of certain crucial dimsnsions of M739 S&A housings and
mechanism train components associated with specific units. Each manufacturer

should supply, measure, and record & sufficient number of units,

?. Selective assembly of components by all manufacturers with the aim of
obtaining full S&A assemblies which only vary with respect to the escapement
C.N.'s. (If needed, certain subgroups of S&A assemblies are to be formed within
which only the escapement (,D.'s vary. This accounts for rotor property varia-
tion!o)




3. Conductance of spin teats ¢of S&As under the following conditions:

a. Spin axis coinciding with S&A axis

b. Spin axis not coinciding with S&A axis (wagnitude o7 eccentricity
and orientation of S&A to be recorded)

Phase 2 consists of the following:

1. For glven assemblies of bottom plate (dwg 9258644), gear plate spacer
(dwg 9258646), lower plate and shaft assembly (dwg 9258650), and upper plate (dwg
9258632), the following measurements should be determined and recorded:

The overwire C.D. betwean pallet shaft and the escape wheel pivot
holes in the upper plate (the largest wires possible should be used
and the wire diameters of the individual holes should be recorded).

The pivot diameter of the pallet shaft

2. For the escape wheel and pinion assembly (dwg 9258655), the following
measurements should be taken and recorded:

The outside diameter and thickness of the escape wheel
The weight of the assembly

3. The diameter of the pivot hole in the pallet and the thickness and
outside diameter of the pallet (dwg 9258631) should be deternined and recorded.
Accuracy of the 17 degree, 10 minute angle noted on the drawing should be veri-
fied; also the accuracy of the 0,1905-inch dimension to the theoretical corners
and the accuracy of the 0.0905-inch dimension. The weight of the entire pallet
should be taken and recorded.

4, The weight of the rotor assembly (dwg 9258639) should be taken and
recorded, Location of the c.g. should be ascertained with respect to the same

axes as given in drawing 9258639,
MATHEMATICAL MODELS OF CLOCK GEAR TRAIN S&A

The following sections provide the basis for a complete mathematical wmodel
of an artillery S&A mechanism containing a two-pass clock gear train and a
straight-sided verge runaway escapement. They are based on the "Fuze Gear Train
Analysis" conducted in 1979 (ref 1).

Complete forward, as well as inverse kinematic models of the two meshes of
the clock gear train, have been derived. In the forward model, gears no. 1 and 2
represent the drivers, while in the inverse model, pinion no. 2 and the escape-
wheel pinion represent tlie input components.

The inverse wodel is needed to express all component angular accelerations
in terms of the escapewheesl angular acceleration,
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; FORWARD KINEMATICS OF MESH NO. 1
' . - (Angle q)l is Input, Anglc “2!’ is Out:put:)1
i
, . Round-0n-Round Phase of Motion
|
! A schematic of mesh no. 1 in round-on-round motion is given in figure 1.
| The gear no. 1 and the rotor have counterclockwise rotation. The input angle is
| called ¢ , while the output angle is called ‘%P' The following derivation, where
; '%P is found as a function of ¢1, runs parallel to reference 1, appendix G-2a.
Unit Vectors
5 The unit vector in the direction Och1 of the gear no. 1 is given by
- p " -
e cos \4’1 GGI )i + gin (4:1 GGI lj (1)
“ : The unit vector in the direction of C;1Cp1 is given by
T ny; = cos A1+ sin %] (2)
- The unit vector normal to Ekl in the right hand sense becomes
4
1
: ngy - sin xli + cos )‘lj (3)
1 q The pinion unit vector 391 in the direction of 0,Cpy, is represented by:
fpy ™ 08 (tgp = & K +sin (4, - &, F (4)
Finally, the unit vector in the direction from pivot 0l to pivot 0 is given by
?\m = cos BI'I + sin Blj (5)

. ] Tha output angle of mesh 1 is called ¢2P (P = pinicn), while the input angle of
mesh 2 will be ¢,, (G = gear). Only the increments of these angles are equal,

5
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Output Angle 4"7? and "Ceupler” Angle Al

b The loop equation of the equivalent four-bar linkage 0]Cg1Cp10p 18 given
y

agy Mgy * L ny _3131 Ny~ by nm-o (6)
where

Ly = pgy + oy (7)

After substitution of the varlous unit vectors, as given eariier, the following
component equations are obtained:

a, cos (¢l - 6G1)+ L cos A - a, cos (¢2P - GPI)" b, cos B =0
(8)

and

ag, sin (4:1 - 6G1)+ L sin A - a, sin (@ZP - %1)~ b, sin 8 =0
(9

To solve for the output angle ¢ZP in terms of the 1input angle ¢l’ substitute the

expressions for sin J\l and cos )‘1’ ag obtained from equations 8 and 9, into

sin? >‘l + cos? Xl = ] (10)
This leads to

Ajg &ip &, + B, cos ¢, = C .o (11)
whers

Ajp = by sin (Bl + 6Pl)_ a,, sin (¢1 -8 * 6?1) (12)

Big ™ b cos (Bl &, ) - 8, cos (¢1 -5t 6Pl) (13)

2 2 2 2
L" - b" -ag -ap +2ag b cos (4 - & - &)
Cip (14)
1R 'fam

Fquation 1] is solved for °29 according to a method used in reference .
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B, ¥

4 . = 2 tan (15)
%p Cip

The correct sign must be determined by geocmetric considerations.

The angle Al may now be obtained from equation 8 or 9, l.e,,

' = cop”l by cos B +a, cos (&p - 81 ) - ag cos (¢ - &)
= cos
1 Ll

- e
or

(16)

-

] | .y |by sin B + a_. sin (&, = 6., )~ a., 8in (¢ - § )
! 1
- J

Output Angular Veloc:i.t:yz--w&2 - $2p - 52(;

Implicit di.fi_ferentiation of equation 11 with respect tc time furnishes
1 the angular velocity ¢,2

| b3 Ajpp 8in &yp = Bygy €08 &p = Cyppy (18)
¢ . 2 1 AIR cos ¢2P - BIR sin 452?
where
n Agp = g1 08 (4 = & + &) |

2

Regarding the derivativaes of the gear and pinion wo. 2, there is 10 differance
whethar the gear or the pinion is involved. The difference is only needed for

the angles, since the angles ¢,;, and ¢, are expressed with respect to differ-
amt center lines,
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i : where
Lig = Ajrp 1" %p = Bypp €08 &y = Cypp (20) :
| MIR - AIR cos ¢2P - BIR sin ¢2P (21)
1
| Relative Velocity at the Contact Point

, The relative velocity ‘_’SI/TI of point 5, on gear no. 1 with respect to

E Ti on pinion no. 2 has the direction of unit vector ;NAI' The resulting expres-
aion may be adapted from reference 1, ejquation G-63.

| ‘_’s1/T1R = {h lag cos (4 - & - )+ gy
- & lap con [y = & - N )~ ey Mgy (22)
Round-On-~Flat Phase of Motion

. Figure 2 shows a schematic view of mesh no. 1 in the round-on-flut phase of
' the motion. (Only the contacting sides of the gear teeth are indicated,) The
X following work runs parallel to that described in reference 1, appendix G2b:

O e e s ot T

i v L
LAl

Unit Vectors

The unit vector in the direction 0,T), along the fiank of pinion no. 2,
is given by

mpy = cos (4 + o H +sin (g, + o) B (23)

The unit vector Wyp) in the direction S)Cg] is normal to np; in the right hand
sense,

'-‘m?l = - gin (sz + oy X + cos (gu, + q“E (26)
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= ' Pinion No.2

Rotation

Figure 2, Round~on-flat phase of motion of mesh no. 1
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Output Angle “ZP and Distance Ry
The vector equation for the mechanism loop 0,-Cgy~S)-T1-0; has

281 %1 " %1 "we1 " &1 % PPt O

Appropriate substitutions for the unit vectors furnish the following
equations

ag 8 (& = &)+ o5 sin (4 + o )= by cos §
- 8 cos (¢2P+ ch)- 0

and
agy o3 (& = &, )~ o cos (4, + ) ) - b) sin §

- g sin (4, + @, )= 0

From equation 27:

as, ain (ol - GGI) - Ry €08 (‘ZP + C'm)- bl sin 81
By 7 sTA (&p * 1)

Substitute equation 2§ into equation 26

[aGl cos (o - GGI)+ pgy 810 (4p + @, ) = b, cos Bl]sin (tp + ;)

the form

(25)

compounent

(26)

(27)

(28a)

- [ag, ®in (4 = 8,) = gy cor (hy + @ )= by sin § Jcom (4, + o) ) = Pqy

Simplification leads to
A“ sin *ZP + BIF cos 02? - ch
vhers

Alp ™ % 00 (4 = & = 9 )= b com (§ - g,

10

(29)




Blp ™ "% ®n (4 = & - g, )+ b sin (§ - q,)

CiF "~ fa

Finally |

2 2 2
bp = 2 tan) Mp t YW + 83y - &y
P B ¥ Cp

(30)

The appropriate sign is found from geometric considerations.

Determination of Angular Velocity &2 = ¢‘2P - QZG for Round-On--Flat Phase of
Mntion

Differentiation of equation 29 with respect to time gives for :Q

L= b Arpp 81 &p * Bypp cos 021’] 1)
2 1 AlF cos d‘lP - BlF sin %P J

where

Avgp = 8y o0 (4 = &) - o)

Bipp = % < (4 - & - 9]

Relative Velocity vsl /'“F at Contact Point During Round-On-Flat Phase of
Motion

As shown in reference 1, the relative velocity ‘-ISI/TI consists only of

that component of 681 /o1 which 1s directed along the flank of pinfon no. 2.
Thus,

"sunr = Fa1/01 *"p1 ) op

= {[§ & x (ag, 0y = a5 g )] Agy | By (32)




Substitution of appropriate unit vectors gives

Ysi/m, " b fagy stn (ap + o - 4 + 5, )+ %1 | Bpy (33)
Determination of Transition Angles

The trangition angies 43,: and ct; » Wwhich correspond to the transition
from the round-on-round to the réind-on- fxt phase of the motion, are determined

by letting 8 = fpl in the component equations 26 and 27. From this, the follow-
ing 1is found: .

cos (4~ &, )= :cl:T ey otn (4pp + ;)

+ bl cos Bl + fPl cos (¢2PT + %l]] (34)

and

sin (45 - & )'I:;T [eg1 o8 (pp + o)

+ bl sin g + fPl sin “2?’1' + ch)] (35)

The angle ¢2PT is now found by substituting the above two expressions into

2 2
sin (4&” - & ) + cos (Q“. - 8 )= 1 (36)
This results in

AIT sin ‘ZP‘I‘ + Bl'l‘ cos 02?‘1‘ - Cu. (37)
where

Ap = =0 8 (§ - q )+ £, oin (§ - q)

Pip ™ % *in (8 - g, )+ fpy o8 (- o))
2 2 2 .2

P W - Wld W)

1T ~ 2b

1

Finally, equation 36 1s solved for ‘2?'1‘ in the usual manner of vefer.ace 1.

12
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2 2 2
1 Mgt \/A + Bim~C
bpr = 9 tan} LT A 1'1‘+ = 17T 1T (38)
1T IT

Here also, the sgign must he decided from geometric considerations.

The associated angle QIT may be found with the help of equation 34 or
equation 35; 1i.e.,

1 [“Par 810 (bpp + gy )+ by cos B + £y cos (g + o) )

¢, = COB
1T aGl
+ % (39)
N c0s (dpy + o) )+ b) oin § + £}, sin (4 + g, )
1T a
¢l
* %l (40)

Sensing Equations for the Determination of Contact on Subsequent Tcoth Mesh

The following contact sensing equation for mesh mno., | is based on the
method originally shown in reference 1, appendix E. Again, it 1s assumed that
the contact of the new mesh will be made in the round-on~round mode. Before

contact, the distance between the centers of curvature Cq) and Cp; 1is given by

Ce1 Cp1 = Lxtl + 1y)J (41)

If ML and MZI; represent the tooth spacing angles of gear no. 1 and pinion no. 2
tivel

reape he associated loop equation becomes (see fig. E-3 of reference 1
together mth fig. 1 of this report)

ag, [cos (¢ - 8¢ - 601)I+ sin (4 - a4 - GGIF]

|
i
i

+L1+ Ly'j -2, [con (4, + dtyp - &, X
+oin (hy + 88, = &, J]- b (cos AT +stn a5 )= 0 (42)

Note that for mesh no., 1, the angular increment Ml is mgntive. while A p
positive. Further, a3 in reference i, the angle ? be determined fo the
round~on~flat phase of motion, since the initial céddtact of a subsequent set of
neshing teeth is preceded by this phase of motion. This msans that equation 30
is applicable,

gy T SR R o e R AT
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The instantaneous magnitudes of I‘xl and Lyl are obtained from the compo-
nents of equation 42; i.e.,

Ly = bycos & +ay, con (4, + My = & ) - ay cos (4 - 44 - &,
(43)

and

Lyl - bl sin B +a, sin (02}? + Ay - Gpl)-- a,, 8in (4;1 - a4 - 601)

(44)
Contact will occur as soon as
2 412 < + (45)
x1 T “x2 TR )|

FORWARD KINEMATICS OF MESH NO. 2
(Angle OZG is Input, Angle ¢ is Output)

Round-On-Round Phase of Motion

A diagram of mesh no, 2 in the round-on-round phase of contact 1is shown in
figure 3. Gear and pinion no. 2 have clockwise rotation, while pinion no. 3,
together with the escape wheel, has counterclockwise rotation. The input angle
agsociated with gear no. 2 1is called , while the output angle of the escape
wheel is defined as ¢. The following derivation runs parallel to appendix G-la
of reference 1: '

finit Vectors
The unit vector in direction 0,Cqz of gear no. 2 is given by
gy ™ cos (‘ZG + Gczﬁ + sin (‘ZG + 602E
The unit vector in direction Coz2Cp2 is given by

T\n = cos xl'l + sin AZJ

4

T T T T = N




Escape Wheel and -
Pinion No. 3

Direction of
Rotation

Figure 3. Round~on-round phase of motion for mesh no. 2 v
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The unit vector normal to Eu (in the right hand sense) bacomes

?-]uz = - gin XZI + cos Azj (48)

The unit vector in direction O,C,; 1s given by

ng, =cos (¢+ &, L + etn (6+ &, 0 (49)

Finally, the unit vector along the centerline from 0y to Og is given by

5& = cos 52? + sin &23 (50)

Determination of Output Angle ¢ and "Coupler” Angle )2

The loop equation of the equivalent four-bar linkage 03C;yCp20, 18 given
by

a., nG2+L2 nu—apz an-bz n&-o (51)

where
L2 = Pgy + fpa (52)

After substitution of the various unit vectors into equation 51, the following
component equations are obtained:

a,, o8 (qzc'!- 662)+L2 cos ) - b, cos @ -8, cos (¢ + 692)-0
(53)

8, sin (*IG"' 602)4- L, sin ) - b, sin 6 - a, sin (¢ + 5”)- 0
(54)

To eliminate Kl let;
unz N+ cos? M =1 (53)

16
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4 i The resulting expression furnishes (ref })
!
i AZR sin ¢ + B2R cos ¢ = CZR (56)
g . where
Ajp ™ gy o1n [ty + &y = G, )= b, sin (8 ~ &)
| } | + 6 8§ )-9
Bp = 8 00 (g + &, = &, ) - by cos (8 - §,)
2 2 2 2
e o P2 *agy +by - Ly - 235, by cos (o + &y - B))
2R 281’2
Equation 56 is now solved for ¢ according to a method used in reference 1:
2 2 2 ‘
1 -1 Apr* VAy t By~ Cor
: é= 2 tan T e (57)
~ 2R 2R
The correct sign in the above must be determined by geometric considersations.
3
The angle )2 may now be obtained with the help of equations 53 and 54
¥ -lrbz cos & + ap, cos (¢ + 61,2)--%2 cos (¢ZG+ %2) :
= . A, = cos i 58)
f 12"1 2 ‘
st 1 -1| by sin B, + a,, sin (¢ + GPZ)— as, sin (QG + 662)

Determination of -Angular Velocity § of Escape Wheel for Round~On-Round
Motion

pifferentiacion of equation 56 with respect to time furnishes

‘2RD cos § ~ Am sin ¢+ sz

b= b Kg cos ¢- 5, #in ¢ (60)

i
.ﬂ
1
i
4
1
1

Mo = %z @ (4 + &5 = &)

17




Note that in equation 60
be = bp = & (61)

Relative Velocity at the Contact Point

The relative velocity VSZ/TZR of the contact point S, on gear no. 2 with

respect to point T, on pinion no. 3 may be adapted with equation G21 of reference
1

Vsz/'rzk = {bg lagy cos (&g + &, = )+ o)
- ¢ fapy cos (0+ &, - %)=, lhngy (62)

Note that 1in above

e =
Round=On-Flat Phase of Motion

A schematic view of mesh no. 2 in the round-on-flat phase of the motion is
showm 1in figure 4.

Unit Vectors

The unit vector in the direction O,T, is given by

ﬁn-coc (0-%ﬁ+lin (Q-onB (3)
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"ticapo wheel and
Pinion No.2

Direction of
Rotation

Figure 4. Round-on~flat phase of motion for mesh no. 2
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The unit vector My.,, in the directivn Cy3S; is always normal to npp. Thus,

RNF2 = - ain (¢ - L A+ cos (¢~ °p2H (64)

Determination of Angle ¢ and Distance g; in Terms of Angle &g

The vector equat’on for the mechanism loop OZCGZSZTZO has the form:

82 %2 * %2 "wr2 T F2 g2 ~ Py Rp =0 (65)

Substitution of equations 46, 50, 63, and 64 into the above leads to the follow-
ing component equations:

s

25y 08 (o0 + 4]

2 = g in (4= @, ) - by cos B - g cos (¢~ ) =0

(66)
and

85, 810 (026 + 662)4» fgy CO8 (¢ - %2)-1)2 sin B, - g, sin (¢ - %,,)-0

&

(67)
The following is obtained from equation 67:
. ‘GZ sin (¢ZG + 602)+ bgy CO8 (¢— aPZJ- b2 sin 32 (63)
2" sin (¢ - a5, )
Substitution of this expression into equation 66 results in
AzF sin ¢+ B" cos ¢ = C2F (69)

vhere
Ayp = 85y €08 (b *+ &5 + qp ) = by cos (8 + ap))
Bap =™ " %y *1n (4o * 6y + g, )+ by sin (B + q,)

Cor ™ %2

o va—nﬁwfs



Equation 69 is now solved for ¢ as earlier in roference 1

2 2 2
-1 At \/‘2 + Bp - Cop

= 2 tan
Byp * Cop

(70)

Determinatiin of Angular Velocity &During Round-On-Flat Motion

Implicit differentiation of equation 69 with respect to time glves for 3

. 29D sin ¢ + BZFD cos ¢
& 62(: AZF cos ¢ - sz sin ¢ (71
where
e " 4
and

Relative Velocity Vsz /TZF at Contact Point During Round-On-Flat Motinn Phase

Again, as shown 1in reference 1, the relative velocity v

only of that component of ;/
3. Thua

SZ/TZF consists

s2/02 which is directed along the flank of pinior no.

VSZ/TZF Ms2/02 * Pz ] Mgy

({4, x (agy ngy + oy gy )] ¢ “rz}“rz (72)

Substitution of the appropriate unit vectors furnishes

Vearma, = & [agp otn (0- gy = 45 - &) - gyl Ty (73)
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Determination of Transition Angles

The ¢ransition angles &G and are reached when the round-on-round
phase of motion is followed by ¢ '{'ound-on-flat: one. They are obtained by let~-
ting g, = fp2 in the component ecuations 66 snd 67. This furnishes

bgz 910 (4 = @y )~ b, cos & - £, cos (4 -~ @, )= 0

85y 08 (o *+ &) -

(74)
and
8., sin uZGT*' 662)-4- Pgy CO8 Ql‘ QPZ - b, sin § - £, sin (Qr - 01?2)- 0
(75)

from the above, the following is obtained:

cos (@2(;,1. + 8G2) - [DGZ sin (¢ - %y ) + by cos B + £, cos (4 = oy )]

(76)
and
sin {4y + 6G2)-§'(l;; [- fgy com (4 - Oy )+ by cos B + £y, sin (& ~ ap, )]
77)
The transition angle Q‘I‘ is now obtained by first using
sin? (°2c'r + GGZ)+ cos? (°2G'r + 6(:2) -1 (78)

This results in

A sin ¢+ B

2T cos ¢= C

2T 2T

where

Ay = Pgy o8 (B + o)+ £, sin (B + qp)

Bn--p sin 82 %2)+f cos az %2

2 2 2 .2
862 ~ %2 " B ~ f

2~ fpy
Y 7,

22
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Equation 79 1is solved for ¢'in the usual manner. Thus,

2 2 2
1 Agp £ VApp + Byoy = C
4~ 2 tan 1 72T J%ET"_ CZT 2T (80)
) 2T 2T

The appropriate sign must be found from geometric considerations.

The aseociated angle QZG is determined with the help of equations 76 and

77; 1.e.,
- + -
o [P e (4 - gy )+ £y, cos (4 - g, )+ by cos 8]
= co8 —_ - Gc
. “ZGT 4., 2
(81)
‘ or )
-1 | "% co* (¢ - %y ) + £,y 8in (¢ - qu)+ b, sin
: = gin - 8
2 ¢ZGT 8 G2
(82)
i
Sensing FKquatiors for the Determination of Contact on Subsequent Tooth Mesh
;." a . The following contact sensing expression proceeds from the same assumption
. , as that for mesh no. 1 in the section, "Determination of Angular Velocity -

$% - &2 for Round-On-Flat Phase of Mection."” The configuration is that of fig-
u g 3, ere gear no. 2 rotates in a CW direction, and initial contact of the new
mesh 1s in the round-on~round mode., Before contact, the distance between the

centers of curvature Cg2 and sz is given by

Cop Cpp = k) (83)

If A¢,,. and A4 represent the tooth spacing angles of gear no. 2 and pinion no. 3,
respe%ﬁively, the associated loop equation becomes (ref 1)

o e
R
Y Lo i

agy [cos (g + Byg + G J + oin (hg + dayg + &, B

+ szi + Lyzj = b, [cos Bzf + sin 523 ]

+ a8y, [cos (4- Ap+ &, L + sin (¢~ a0+ GHB.]
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Appropriate substitution and expaneion furnishes

. . T B e B Wbt e S+ el RSN TR o o kg A AL NS)
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vhere the angle ¢ of the escape wheel and pinion no. 3 must be determined with
the help of aquatioan 70 since the mesh which precedes the new one ig in the
round-on-flat mode,

The magnitudes of and Ly are determined with the help of the compo-
nent expressions of equation B4

Lo ™", cos B + a,, cos (¢- 2o+ %2)- a,, cos (¢2G+ B4y + 602)
(85)

and

Ly = by 8in 8 + a, sin (- a6+ 692)- a,, sin (426 + A4, + 602)

(86)
Contact will occur as soon as
2 2
Iyg YLy S Pt oepy (87)

INVERSE KINEMATICS OF MESH NO. 1
(Angle ’2? is Input and Angle ‘l is Output)

Round~On-Round Phage of Motion
Determination of Angle ¢l in Terms of Angle “AP

The component loop equations 8 and 9 are agein used to determine equa-
tion 10, 1.e.,

2 2

sin® A 4+ cos® A= ) (88)

2 2 2 2 '
Ly =85 +b +ag 420, b ocos (B + & ~ 4,)

+ sin .1 {- 2;1,1 % sin (‘ll’ - 6“ ) cos eCl}




T

T T T Ry 0 v it b

- 28y a5 o8 (4, = §, ) eta &,

- 2b a 1 sin 51 cos~GG

1 G

+

- 21:»1 aGl cos Bl sin 601}

cos ¢, &+ 2a,, 8, sin (°2P - & ) sin 81

-2, a, cos (4, - Gpl ) cos 8

-+
Zb1 aGl

Further simplification gives

22 2
4 8p1 7 %1

sin 31 8in 6Gl - 2b, a

| 8 o8 B, cos GGI}

- bf" 2ay) by cos (B + &; - 4]

(oo

(89)

= sin ¢ - 2a, 8, ein NZP - &t & ) - 2b, a. sin (B1 + 661)]

+ cos [- 28?1 85, C8 (¢ZP - 6“ + 6G1 ) - 2b1 a5 o8 (Bl + 6Gl )]

The abnve leads to

. & +
D1 sin ‘f'l E

R
where

IR cos @l - F1

R

Dm - - ZaG1 [aPl sin (021’ + GGl - 691 )+ b1 sin (al + GGI)]

Er ™~ %

[ap1 cos (¢2P + GGl - 6Pl)+ b, cos (q + Gcl)]

2 2 2 2
Pin "Ly —8g ~a -b - 28, b cos (&, - 8 ~ &)

Equation 91 is now solved in the manner of reference 1; i.e.,

)
-1 Dr \["m tE

2 2
1R~ Fir
4 F

01-2tan

IR 1R
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Determination of Angular Velocity $1 in Terms of Angular Velocity 61 and
R P
Angles “IP and 61

Implicit differentiation of equation 92 gives

DlR °l ©os ‘l + DIRD sin 01 °2P

= Ejp & sin ¢ + E o0 cos ¢ AIP = Flep %p (93)

where

SN Flep = 28p; by oin (4, - 8 - &)

Then,

“ ¢1 (DIR cos d’l - EIR sin @l ) = QZP (FIRD - DIRD 8in @1 - EIRD cos ¢1)
(94)

Now, after introduction of the additional subscript R, the angular velocity $1R
for the round-on-round phase is given by

51& - &zp DERIR (95)

vhere

DERIR = FIRD - DIRD sin ﬂﬁ: ElRD cos ‘l
Dig co8 & - Epeln g

Netermination of Angular Acceleration ;m in Terms of Angular Accaleration
‘ZP’ Angular Velocity ‘LP’ a'nd Angles & and %

Further differentiation of equation 94 gives .
4 '[le cos ¢ - B, sin ¢ ]+ 4 [&p Dypp <08 & )
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- &p Eypp in ﬁ]+ Y - Dy 810 4 - E,o cos ‘1]
= %p [Flep = Dypp *10 & = Ejpy cos ¢ |
[Firop = Piaop ®1P & = Ejgpp <08 4 ]

+ & [ Dppp 4 co8 &+ Epn b sin ¢ ]

+
~

where
Drop ™ 21 %p1 it (%p * %y - &)
- + -
Bipop = 21 %y ©0® (G * & - &)
X Flaop = 22p1 Py 08 (4 = § - &)
.l 4 Substitution of equation 95 1into equation 96 and the introduction of the sub-
3 script R, where appropriate, leads to the following expression for the angular
acceleration °1R
‘: e - . 2 '
. et hr = %p 5% * $2P X, %3 (97)
,' where
c g X = 1
B 1 D, cos - E,. 8in
B 1R 4 " EBr 4
A x2 = FIRD - DlRD sin ’1 - ElRD cos ’l

X3 = Fiep ~ P1rop *1® 4 < Ejpop ©°° 4
+ DERIR [2 Eipp ®i0 & - 2D, cos 4]

+ pERIR? Dy sin & + E\p cos ¢ ]
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Round-On-Flat Phase of Motion
Determination of Angle ‘l in Terms of Angle ¢2?

When the terms containing the angle 01 in equation 28b are trigonometri-
cally expanded, the following is obtained:

« [‘Gl (cos & cos GGI + sin 4 sin 661)+ R 8in “‘2? + %l)
- b, cos sl]s:ln (e + u’pl)

- [am (ein & cos &, - cos ¢ sia §, ) = pgy cos (myp t %; )
= b, sin Bl]cos (QZP + ah)- 0

(98)

Further rearrangément furnishes

(- a5, 08 (4, + o, + GGI))sin 4 + (aGI sin (¢, + q, + GGI)) cos ¢

, == o + b sin (4, + o - 8) (99)

The above may now be written in the following form

D"‘, sin ’l + E, _ cos ¢1 = F (100)

1F IF

where

Dip = = 8g co8 (& + a + &, )

<
B

W N
FowTIT K

ey

Blp ™ % i (6, + g, + & )

VRPN

! Fle ™~ % 0 oI (gt oy - 8)

RBquation 100 is now solved for the angle 01 in the manner of reference 1 for this
type of expreasion. Thus,

§
2 2
-1 Dyt \j/j’w + By - Flp

Ee* Fip

(101)

QI-Ztan
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Determination of Angular Velocity &l in Terms of Angular Velocity ‘2
F P
Angles QZP and "l

Implicit differentiation of equation 100 with respect to time furnishes

Dip & <08 & *+ Dypy &p 8in ¢

Bip b 810 & + Bppp by cos ¢ = Fiop by (102)
where
Dipp = %61 510 (4p *+ oy + &)
Biep = %1 <0 (% * 4y * &)
Flep ™ b 08 (4 + o) = 5)
Then

.

& [DlF cos ¢ = E, . 8in ¢ ]

= %p [Flpp = Dypp 810 & = Ejpy cos ¢ ] (103)

Finally, after the introduction of the additional subscript F, the angular velo-
city ‘lF’ for the round on flat phase of the motion is given by

3’11* - 5” DER1F (104)

where

F -D sin - E cos
1~ Pimp Y " Emp 4
DERIF = —

Jﬁlr cos 01 E“ sin %

Detemination of Angular Acceleration Q”, in Terms of Angular Acceleration
’2?’ Angular Velocity ‘zp’ and Angles bp and %

Implicit differentiation of equation 103 furnighes
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;1 [DIF cos °1 - ElF sin 01]

+$1 [—Dualsingl—zwslcos ¢ )

<+

b Dygp o8 & &y = By stn & byl

s

;2P [Fypp = Dypp 810 & = Eypp cos & ]
+ &21, [- Dypp c08 & $1+Em) "1 sin ¢ ]

2
+ & Frppp = Dyppp 510 & = Epppp <08 ¢ ] (105)

where
Dippp = 2q ©° (4p * oy + &)
Erppp = = %1 o1 (g + g, ¥ %1)

Fipop =~ P oin (0p * %, = §)

Substitution of equation 104, and further use of the additional subscript F for
roundson-flat motion, leads to the following expression for the angular accelera-
tion ¢

1F

" - 2
‘11? - 4y xl‘x5 + &2[, X, X (106)

where

1
lo-ﬁ)lF cos ¢ - E, sin ¢ )

bad
]

s = Fimp ~ Dipp o810 § = Bypp c08 &

X =F =D lin‘l-BlP

6 ~ ‘1rop _ Cirop cos ¢

+ DERIF [~ 2 Do cos & + 2 B\, sin ¢ ]

2
DER2F" [D,, sin & + E , cos ¢ ]
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INVERSE KINEMATICS OF MESH NO. 2
(Angle ¢ is Input and Angle OZG is Output)

Round-0On—~Round Phase of Motion
Determination of Angle 020 in Terms of Angle ¢

The component loop equations 53 and 54 are again used to substitute into
equation 55; {i.e.,

einz A+ cos2 A= 1
This leads to

2 2 2 2
L,” = 8p) = by - ag =28, by cos (¢+ &y - &)

= sin ¢, [2 85, % {cos (¢ + sz)sin §, = ein (¢ + sz)cos 6G2}

+2b, a, {cos B sin &, - sin B cos 602}]

+ cos ¢, [- 2 8y 80y [cos (¢ + 6?2) cos 4., + sin (p+ qu) sin &,

-2 {cos B, cos 8, + sin 8 sin GGZ}] (108)

b 8 2
Purther simplification furnishes

2 2 2 2
2 "8 = by " ag ~ 28y b)cos (s+ & - &)

L
= oin ¢, [- 2 8,, 8, 8in (¢+ &y " 602)— 2, b, sin (% - 662)]

— cos &, - 2 a8, 2, cos (o + & - %2)'2‘@2 b, cos (5 - 6(;2)]
(109)

The above then gives

sz sin ’ZG + !ZR cos ‘ZG = FZR (110)

X}




- -

where
O «e - - ( -
D, 2 85, 8¢, 8in (¢ + sz 6(;2) 2 a,, b, sin (8 6(;2)

E,.=» ~2

IR 85, 8, €08 (¢ + Sy = 8 )-2a_ b cos (ﬁl- 662)

62 62 ™2
2 2 2 2
Far " Ly ~ 22 ~ 8 ~ by ~ 23y bycos (94 &) - B)

Equation 110 is solved for the angle 02 G in the manner shown in reference 1;
1.0.,

2 2 2

L Dyt \/n +EL - F

b = 2 tan ' 2R - ziF 2R 2R (111)
Rt For

Determination of Angular Velocity &2 in Terms of Angular Velocity and
GR
Angles °2G and ¢

Implicit differentiation of equation 110 gives

Dyr % 08 &g + Dyppy ¢ 8in ) ~ Byp & 8in 40

— Eypp ¢ cO8 be = Fopp ¢ (112)
wvhere

Dogp ™ = 2 8pp 8¢y 08 (6+ &, - &, )

EZRD - 2 85, 85, sin (¢ + sz - 602)

FZRD -2 a5, bz sin (o + sz - 32)
Then

b [0y c08 4 - E)p ain 0]

= ¢ [Fopp = Dypp %0 &g ~ Bypr cos 4,0 ] (113)

After {introducing the additional subscript R to indicate the round-on-round
phase, the angular velocity ‘ZGR is given by

&m = § DER2R (114)
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where

Faro ~ Parp %3 %6 7 Bapn 0% %
qﬁzn o8 &y, :—EZR 8in e

DER2R =

Deteminacion of Angular Acceleration Q‘ZGR in Terms of Angular Acceleration
4, Angular Velocity §, and Angles ¢ and b

Further differentiation of equation 113 furnishes

..

by [Dyg co8 5 = Epp 8in ¢ ]

.

+ b ¢ Dyppy 08 g = Eppp 8in 5]

2
+ b [- Dy #in o ~ E,p cos g ]

= ¢ [Fypp = Dypp ®10 g = Eppp 08 ]

+

2
¢ [Fyuop = Parop 47 % = Egppp €08 %l

+ NZG [~ Dypp €08 &g *+ E,pp 8in %G] (115)

where
Dopop = 2 %py 8y oin (04 &) - &)

- +
Ejpop = 2 pp Bgz ©f (0% &, = &)

Fopop = 2 %y By 08 (64 &, - 8]

Substitution of equation 114 into equation 115 and the introduction of the addi-
tional subscript R, for round—on-round motion, results in the following expres-
sion for angular acceleration QGR:

;zcx - ;x.,x8 + & X,Xq (116)
where

1

X - -~ S ——
7 Dyp cos o = Kyp 8in &0
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Xg = Famp ~ Dapp 817 &g = Bypp €08 by

X9 = Forpp ~ Dorop #1™ %6 ~ Byppp ©°° %

+ DERZR [~ 2 Dyep €©8 & + 2 Ejp sin ¢ZG]

2
+ DER2R" [D,, sin ¢, + E,p cos & ]
Round-On-Flat Phase of Motion

Deternination of Aagle ¢ZG in Terms of Angle ¢

When equation 68 for g, is substituted into equation 66, the result is

[8G2 cos “’ZG + GGZ)- 0y, 8in (¢~ %2)— b, cos az]sin (¢ - %2)
- [aG2 sin (¢ZG+ GGZ)-P Ry COB (¢ - obz)- b2 sin Bz]cos (¢ - %2), 0
(117)

Now expand the terms containing the angle ¢2G trigonometrically
[aGZ [cos ¢ZG cos 662 - 8in OZG sin 602) - pGZ sin (Q- OPZ)

- b, cos 82] sin (¢ - %, ) - [aGZ (sin by €08 8, + cos ¢, sin 6(;2)

(118)

+p,. cos (¢- 092,)_ b, sin Bz]cos (¢ - %2)-0

G2
Further rearrangement furnishes

G it (632 - ¢+ qn)] cos ¢, + [~ a;, cos (662 - ¢+ %2)] sin ¢,

- p .+ b sin - ¢+ = 0

[~ a

or

Dzr sin ‘ZG + EZF cos ’26 - FZF (120)
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where
Dyp = = 8gy cos (6= g, = &, )
Ear ™ % o1t (47 9y - &)
¥ = p

ap ™ Py t By oin (0- g, - )

Solution of equation 120 for the angle Q
degcribad in reference 1, leads to

according to the method

2 2 2
4D :«\/D +E - F
¢2G-2:an‘ 2F Tzrﬁzr 2F (121)
2F © 2F

Determination of Angular Velority &ZGF in Terms of Angular Velocity Gand
Anyles ¢ZG end ¢

Implicit differentiation of equation 120 with reaspect to time gives

Dyp &g €08 & + Dypy, ¢ 8in o = Eyp & 8in ¢y

+ Eyep $€08 &0 = Fopr @ (122)
where |
Dypp = 8gp oin (0= gy = &)
Bypp = 8gp @8 (0= qp = &)
Forp = B, CO® (¢ ~ %y ~ Bz)
Then

b (D o8 &g - By sln o) = 4 (Fyp - 2 0% %)

(123)

Dzm 8in QG - B




b:inally, after introduction of the additional subscript F, the angular velocity

"ZGF' for the round-on~flat phase of motion of mesh no. 1 ie expressed by

where

azcr = ¢ DER2F

F -D sin - E cos
pERZF = 2FD 2D 17 % ~ Bypp €08 4,4

Dop P8 & = Egp 8in 4

(124)

Determination of Angular Acceleration t‘IGR in Terms of Angular Acceleration

where

‘;l’ Angular Velocity &1, and Angles ¢ and s

tyg [Dyp 08 &) - By sin 4]

* by ¢ Dypy cos dyg - Eppy ein g ]

2
+ Gy [- Dyp sin 4o - B, con 4. ]

= ¢ [Fypy = Dypp 810 &0 - Eypr cos ¢y ]

2
* ¢ [Fyppp = Dyppp 840 g = By cos g ]

+ & 5‘20 [- DZFD cos ‘ZG + EZFD sin 4;20]

Doppp = %2 <o (¢~ o, - 4,)
Bavop = = "z *1n (0~ q, - 6,)

Forop = " %2 10 (¢- g, - )

Implicit differentiation of equation 123 with respect to time furnishes

(125}
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Substitution of equation 124, and further usa of the additional subscript F for
round-on-flat motion, leads to the following exprassion for the angulsr accelars-

tion ;ZGF:

! bop = ¥ XXy *+ X%y, (126)
wvhere
X " 1
10 DZF cos ¢2G - EZF sin °ZG
and

11 ™ Fapp = Dapp 810 &g = Eypp €08 &

12 “ Farpp ~ Parpp #3° % " Ezppp ©°° %

+ DER2F [- 2F2FD cos ¢, + E sin 026]

2
+ DER2F [DZF sin ¢, + E,; cos °2G]
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